1. Introduction {#sec1-ijms-21-04929}
===============

Gastrointestinal (GI) disorders, whose prevalence has increased over the last few decades, are characterized by physiological and morphological abnormalities of the GI system that often occur in combination and include motility disorders, visceral hypersensitivity, altered mucosal and immune function, and altered intestinal microbiota \[[@B1-ijms-21-04929],[@B2-ijms-21-04929]\]. Among GI disorders, inflammatory bowel diseases (IBD), including Crohn's disease (CD), a chronic bowel disease that causes patches of inflammation in the GI tract \[[@B3-ijms-21-04929]\], and ulcerative colitis (UC), which affects only the inner wall of the colon, are the most serious diseases \[[@B4-ijms-21-04929]\]. Other common, idiopathic and chronic inflammatory disorders of the GI tract include diverticular disease, a chronic condition of small pockets of bowel, and irritable bowel syndrome (IBS) defined as an "abdominal discomfort associated with altered bowel habits" \[[@B5-ijms-21-04929]\]. The main causes of GI disorders are genetic predisposition to the disease, pharmacological therapies (i.e., antibiotics, not limited to those administered for human use but also potentially including those used in farm animals and crops and ingested with the resultant foods), non-steroidal anti-inflammatory drugs (NSAIDs) (i.e., aspirin, ibuprofen, diclofenac), and unhealthy lifestyles, including irregular eating, physical inactivity, smoking, and low fiber diets \[[@B6-ijms-21-04929],[@B7-ijms-21-04929],[@B8-ijms-21-04929],[@B9-ijms-21-04929]\]. Moreover, about 50% global population is affected by *Helicobacter pylori*, a Gram-negative bacterial pathogen, which might cause IBD and functional GI disorders \[[@B10-ijms-21-04929]\]. All GI disorders commonly manifest abdominal pain, constipation, diarrhea, abdominal distention, gastric acidity, gastrointestinal reflux disease (GERD), GI tract (GIT) bleeding, malabsorption or malnutrition, and intestinal obstruction \[[@B11-ijms-21-04929],[@B12-ijms-21-04929]\]. Some of the drugs currently in practice for the treatment of GI disorders include laxatives, anti-diarrheals, opioids, anti-emetics, motility enhancers, and anti-acidity, anti-ulcer, and anti-inflammatory agents \[[@B13-ijms-21-04929]\]. Conventional therapies for IBD include corticosteroids, immunosuppressants and anti-tumor necrosis factor (TNF)-α antibodies, often correlated with a risk of opportunistic infections and dysplasias, with expensive consequences on health system management \[[@B14-ijms-21-04929],[@B15-ijms-21-04929]\]. Evidence suggests that the Western pattern diet (WPD) has led to the wide spread of GERD. Studies have shown the prevalence of GERD to be 18.1--27.8% (North Americans), 8.8--25.9% (Europe), 11.6% (Australia), 23% (South America), 2.5--7.8% (East Asia), and 8.7--33.1% (Middle East) \[[@B16-ijms-21-04929]\]. The prevalence of dyspepsia may vary from country to country, however, the pooled prevalence is reported by Ford et al. to be 21% \[[@B17-ijms-21-04929]\]. In the adult population of the United States, diarrhea results in over 128,000 hospitalizations and 3000 deaths \[[@B18-ijms-21-04929],[@B19-ijms-21-04929]\]. Similarly, available literature suggests that 12% of the worldwide population has had constipation \[[@B20-ijms-21-04929]\]. Nyrop et al. (2007) have estimated the average annual direct health care cost of some GI disorders, per patient population visiting GI clinic, as \$5049 (IBS), \$6140 (diarrhea), \$7522 (constipation), and \$7646 (abdominal pain) \[[@B21-ijms-21-04929]\]. Despite recent progression in knowledge of pathophysiological mechanisms involved in GI disorders, their etiopathogenesis has not yet been completely clarified and there is no marker that can lead to their definitive diagnosis. Some etiological factors have been identified, such as visceral hypersensitivity, infections, genetic and epigenetic factors, stress, and changes in the intestinal microbiota leading to dysbiosis \[[@B22-ijms-21-04929],[@B23-ijms-21-04929]\].

Metabolic syndrome (MS) is a condition of low-grade chronic inflammation due to both genetic and environmental factors, including a number of risk factors for serious diseases such as hyperglycemia, abdominal obesity, hyperlipidemia, and hypertension \[[@B24-ijms-21-04929],[@B25-ijms-21-04929]\]. The clinical significance of MS was highlighted by Reaven in 1988, while describing the role of insulin resistance in human disease \[[@B26-ijms-21-04929]\]. An untreated and persistent state of MS may lead to a number of pathologies, the most common of which are cardiovascular disorders (coronary heart disease, cardiac failure, and stroke), type 2 diabetes mellitus, and hepatic abnormalities such as hepatic steatosis \[[@B27-ijms-21-04929],[@B28-ijms-21-04929],[@B29-ijms-21-04929]\]. As reported by Sadeghi, a variety of metabolic disturbances, including hypertension, hyperglycemia, and gout, were already described in the 1920s \[[@B30-ijms-21-04929]\]. Later, in 1947, Vague described the obesity phenotype as being affected by metabolic abnormalities, type 2 diabetes mellitus (T2DM), and cardiovascular disease \[[@B31-ijms-21-04929]\]. The WHO definition and the European Group for the Study of Insulin Resistance agree over the inclusion of glucose intolerance and insulin resistance as essential components of MS \[[@B32-ijms-21-04929],[@B33-ijms-21-04929]\]. Several definitions of said syndrome are in use, but since 2004, the International Diabetes Federation (IDF) has established a unified definition of MS, highlighting the key role of obesity as a risk factor for the diseases reported above \[[@B34-ijms-21-04929]\]. The main risk factors for the development of MS are positive family history \[[@B35-ijms-21-04929]\], smoking \[[@B36-ijms-21-04929]\], excessive alcohol intake \[[@B37-ijms-21-04929]\], aging, low social-economic status, postmenopausal status \[[@B38-ijms-21-04929]\], sedentary life style \[[@B39-ijms-21-04929]\], unhealthy dietary patterns \[[@B40-ijms-21-04929]\], and intake of some medications (atypical antipsychotics) \[[@B41-ijms-21-04929]\]. [Figure 1](#ijms-21-04929-f001){ref-type="fig"} shows the impact of a dysregulated metabolism on the human body by illustrating the pathogenic pathway of MS. Metabolic disorders share common pathophysiological mechanisms and thus different pharmacologic entities are used in combination for therapeutic purposes \[[@B42-ijms-21-04929]\]. Effective interventions may include physical exercise, dietary modifications, and pharmacological agents such as insulin sensitizers, renin-angiotensin-aldosterone system (RAAS) inhibitors, statins, and fibrates \[[@B43-ijms-21-04929],[@B44-ijms-21-04929]\]. Over the past two decades, a large worldwide increase in people with MS has taken place, associated with a global epidemic of obesity and T2DM. About 20--25% of the world adult population is living with MS \[[@B45-ijms-21-04929]\]. WHO estimates that about 650 million people have been living with obesity, 422 million with diabetes, and 1.13 billion with hypertension \[[@B46-ijms-21-04929],[@B47-ijms-21-04929],[@B48-ijms-21-04929]\].

Growing evidence suggests that dysbiosis of the gut microbiota, due to multiple intrinsic and extrinsic factors such as genetic variations, diet, stress, and pharmacological therapy \[[@B49-ijms-21-04929]\], is associated with the pathogenesis of both intestinal and extra-intestinal diseases ([Figure 2](#ijms-21-04929-f002){ref-type="fig"}). In fact, the interaction between microbiota and the host immune system is considered to be a key element for a new understanding of the pathogenesis of a large spectrum of diseases including GI disorders and MS \[[@B50-ijms-21-04929]\]. Current studies highlight the role of a healthy gut microbiota in modulating the onset of various GI diseases such as IBD, colon cancer, celiac disease, and IBS. In addition, dysbiosis is one of the driving factors of a dysregulated metabolism. Hur et al. report the important role of gut microbiota in the pathogenesis of T2DM by influencing body weight, pro-inflammatory activity, and insulin resistance \[[@B51-ijms-21-04929]\]. A pivotal role of gut microbiota is the fermentation of dietary polysaccharides that the human body cannot otherwise digest. Dietary fibers consist of the indigestible portion of plant food carbohydrates, containing insoluble and soluble fibers. Soluble fibers are digested by enzymes derived from the gut microbiota into short-chain fatty acids (SCFAs). SCFAs (butyrate, acetate, and propionate) are absorbed in the intestines and used as energy by the host. In addition to their role as energy substrates, SCFAs act as regulators of food or energy intake and inflammation \[[@B52-ijms-21-04929],[@B53-ijms-21-04929]\]. In particular, butyrate promotes regeneration and protection of intestinal cells, the production of mucin, the reduction of hypercholesterolemia levels, as well as the release of hormones and/or neurotransmitters important for the regulation of intestinal motility and of insulin resistance \[[@B54-ijms-21-04929]\]. An improvement in abdominal pain following the intake of butyrate has been observed in IBS patients due to an alteration in neurotransmitter release and a reduction in the hypersensitivity of intestinal mechanoreceptors, which may result in decreasing luminal pressure and/or peristalsis \[[@B55-ijms-21-04929],[@B56-ijms-21-04929]\].

Today, lifestyle and diet are recognized as the cornerstones of prevention of pathologies such as cardiovascular diseases, T2DM, MS, and GI disorders. Moreover, the modulation of intestinal dysbiosis through dietary supplements, according to the latest evidence, is used to restore the equilibrium of gut microbiota. Considering that dysbiosis can be a common link between GI disorders and MS, and a correct diet can be used to restore the altered microbiota and is considered to be the first approach to treat both GI disorders and MS, the aim of this review is to summarize the current knowledge of the protective roles of functional dietary components in GI and MS, and to assist in the derivation of a general perspective of these broad areas.

2. Methodology {#sec2-ijms-21-04929}
==============

The present study consists of an up-to-date review of the literature covering the health benefits of functional dietary components with special reference to gut microbial modulation in GI disorders and MS. Various electronic databases were used for the literature search, including Scopus, Google scholar, PubMed and Web of Science, using the keywords "metabolic syndrome", "gastrointestinal disorders", "dietary food components", "nutraceuticals", "functional foods", "dietary fibers", "probiotics", "prebiotics", "saturated fatty acids", "short chain fatty acids", "monounsaturated fatty acids", "polyunsaturated fatty acids" "polyphenols", and "spices". The criteria for selecting articles were "studies reported in English because of language barriers" and, "pre-clinical and clinical studies related to dietary food components". The results returned 301 papers published up to the 2020 date. Of these articles, 175 were selected, summarized, and critically discussed so as to provide a consistent review. Some books and official websites (World Health Organization and, Food and Drug Organization) were also used for citing specific data within the scope of present study. [Figure 3](#ijms-21-04929-f003){ref-type="fig"} illustrates the PRISMA flow diagram for study selection. In the following sections, functional dietary components are discussed, with their positive role in GI disorders and MS through the modulation of their most important risk factors, including gut microbes.

3. Bioactive Dietary Components and Gastrointestinal Disorders {#sec3-ijms-21-04929}
==============================================================

The health of the digestive system is important for its appropriate physiological functions, where said physiological parameters largely depend on the type of food ingested and the presence of bioactive components therein \[[@B57-ijms-21-04929]\]. The major factors associated with the development of GI disorders are the use of medications for the treatment of chronic disorders \[[@B58-ijms-21-04929]\], cultural attitudes \[[@B59-ijms-21-04929]\], and socioeconomic factors \[[@B60-ijms-21-04929]\]. The undesirable effects of drugs used for the treatment of GI disorders have led scientists and clinicians to focus on the use of alternative options. The use of dietary approaches, functional foods, and food supplement-based approaches are core parts of alternative treatments \[[@B61-ijms-21-04929]\]. The potential roles of functional dietary components in GI disorders are summarized in [Table 1](#ijms-21-04929-t001){ref-type="table"}.

3.1. Dietary Fibers {#sec3dot1-ijms-21-04929}
-------------------

Dietary fiber is the portion of plant-derived food that cannot be completely broken down by human digestive enzymes, but can be digested by microflora in the gut. Dietary fiber includes non-starch polysaccharides (NSP) such as celluloses, hemicelluloses, gums and pectins, resistant dextrins, and resistant starches. In addition to NSP, dietary fiber includes lignin, which is a complex non-carbohydrate aromatic cross-linked polymer. Dietary fiber can be categorized into two main classes: insoluble dietary fiber (celluloses, some hemicelluloses, and lignins) and soluble dietary fiber (β-glucans, pectins, gums, mucilages, and hemicelluloses). Foods rich in dietary fiber include whole grains, some fruits and vegetables, oats, barley, and beans \[[@B81-ijms-21-04929],[@B82-ijms-21-04929]\]. Soluble dietary fibers are fermented in the colon to a greater extent to produce by-products such as short chain fatty acids (SCFAs) and possess water holding capacity. In contrast, insoluble fibers are subjected to limited fermentation with minimal water holding capacity. In addition, insoluble fibers increase fecal mass and accelerate colonic transit time \[[@B83-ijms-21-04929],[@B84-ijms-21-04929],[@B85-ijms-21-04929]\].

Daily consumption of dietary fiber in sufficient amounts may confer benefits to human health. Soluble fibers may accelerate oro-anal transit by reducing intra-colonic pressure and thus may improve functional GI disorders. These effects may be secondary to the effects of SCFAs on the modulation of microbiota such as enrichment of Firmicutes, Actinobacteria, and Bacteroidetes, and alteration of low-grade inflammation \[[@B62-ijms-21-04929],[@B86-ijms-21-04929],[@B87-ijms-21-04929],[@B88-ijms-21-04929]\]. The acetate, propionate, and butyrate byproducts of fermentation can decrease colonic pH, which favors the growth of beneficial microbes \[[@B63-ijms-21-04929]\]. Butyric acid has an important role in gastrointestinal function. Some in vivo and in vitro studies suggest that butyric acid may be useful in the treatment of ulcerative rectocolitis. In fact, low concentrations of short chain fatty acids, acetyl CoA, and pantothenic acid have been found in patients with ulcerative rectocolitis \[[@B89-ijms-21-04929]\]. Butyrate could act as an epigenetic "switch" capable of stimulating the immune system through the induction of the production of regulatory T cells in the intestine. Moreover, it has been reported to suppress interferon-γ (IFN-γ)-mediated inflammation \[[@B64-ijms-21-04929]\]. This finding provides evidence to support the possible use of butyrate as a therapy for IBD, such as Crohn's disease \[[@B65-ijms-21-04929]\]. Moreover, butyrate increases passive absorption of water in the colon and may prevent diarrhea \[[@B66-ijms-21-04929]\].

### Prebiotics

Many dietary fibers are classified as prebiotics, with a beneficial role in GI disorders \[[@B90-ijms-21-04929]\]. These are compounds that induce the growth or activity of beneficial microbes contributing to the physical well-being of their host \[[@B91-ijms-21-04929],[@B92-ijms-21-04929]\]. Some common examples of prebiotics include lactulose, inulin, psyllium, and other oligosaccharides (fructo-oligosaccharide or FOS and galacto-oligosaccharide or GOS). Asparagus, garlic, onions, artichoke, leeks, tomatoes, bananas, oats, soy beans, and wheat are dietary sources rich in prebiotic contents \[[@B93-ijms-21-04929],[@B94-ijms-21-04929]\]. The regular intake of prebiotics may stimulate the intestinal immune system, control the growth of pathogens and toxins, enhance the production of SCFAs, reduce lactose intolerance, and decrease constipation \[[@B67-ijms-21-04929]\]. Some GI disorders such as IBS and Crohn's disease are associated with an increase in mucosal inflammation and a decrease in several gut bacteria, and low dose prebiotic supplementation has been reported to reverse the pathogenesis of both disorders by downregulating the mucosal inflammatory cascade and increasing eubiotic gut bacteria. However, larger doses may have neutral or negative effects \[[@B68-ijms-21-04929]\]. The term synbiotics is used for the formulation of nutritional supplements containing combinations of probiotics and prebiotics designed for their synergistic health benefits \[[@B69-ijms-21-04929]\].

3.2. Probiotics {#sec3dot2-ijms-21-04929}
---------------

Probiotics can be defined as live microorganisms consumed as food supplements or in functional foods, providing health benefits when consumed in adequate amounts generally by improving or restoring the gut flora \[[@B95-ijms-21-04929]\]. Probiotics usually include species of *Lactobacillus*, *Bifidobacterium*, or *Saccharomyces* genera, some Gram-positive cocci and some strains of *Escherichia coli*. They can be consumed in powdered, gel, paste, or granule forms, in liquid form and in capsule forms, have non-pathogenic and non-toxic properties, and are able to adhere to gut epithelial tissues and produce SCFAs \[[@B96-ijms-21-04929],[@B97-ijms-21-04929],[@B98-ijms-21-04929]\]. Probiotics can provide a number of benefits to the host beyond nutrition, such as enhancing intestinal epithelial integrity, regulating immunity of the GI mucosa, protecting gut barrier disruption, and inhibiting the growth and/or activity of pathogenic microbes in the GI \[[@B70-ijms-21-04929],[@B71-ijms-21-04929],[@B99-ijms-21-04929]\]. Commercially available probiotic formulations should contain the optimal number of colony forming units (CFU) for each bacterial strain above the critical threshold (10^6^ CFU), with some available formulations containing up to 10^12^ CFU. Although the optimal number of CFU for each bacterial strain delivered remains unknown, daily probiotic doses of about 10^6^--10^9^ are recommended for their beneficial effects \[[@B100-ijms-21-04929],[@B101-ijms-21-04929]\].

Due to their multiple benefits, selected strains of probiotics can be used to treat some common conditions associated with the GI tract \[[@B102-ijms-21-04929],[@B103-ijms-21-04929],[@B104-ijms-21-04929],[@B105-ijms-21-04929]\]. Waller et al. (2011) demonstrated the impact of *Bifidobacterium lactis* HN019 on whole gut transit time and functional GI symptoms in an adult population \[[@B106-ijms-21-04929]\]. A total of 100 adults (mean age: 44 years) with functional GI symptoms were recruited for the study and were allowed to consume *B. lactis* HN019 strain in a high dose of 17.2 billon CFU, a low dose of 1.8 billion CFU or a placebo for 14 days. The results were significant at both high and low doses, and showed that supplementation with *B. lactis* HN019 strain results in decreased whole gut transit time and improvement of functional GI symptoms, with no adverse events reported. Srinarong et al. (2014) observed an improvement in the eradication rate of *H. pylori* by standard triple therapy through addition of bismuth and a probiotic supplement \[[@B72-ijms-21-04929]\]. The study was performed in Thailand where clarithromycin resistance is a potential problem in the treatment of *H. pylori* infections with standard therapy. *H. pylori* infected patients (100 subjects) were randomized and received 7 or 14 days standard triple therapy (lansoprazole 30 mg twice daily, amoxicillin 1 g twice daily, clarithromycin MR 1 g once daily) plus bismuth subsalicylate (1.048 mg twice daily) and probiotic supplements (composed of *B. lactis*, *Lactobacillus acidophilus*, and *L. paracasei*) or placebo. The eradication rate of *H. pylori* was 100% in patients treated with 7 or 14 day probiotic supplementation.

Almeida et al. (2012) supplemented 27 lactose intolerant patients with a probiotic product containing *Lactobacillus casei* Shirota and *Bifidobacterium breve* Yakult (10^7^--10^9^ CFU of each strain) to study the beneficial effects of probiotic supplementation in lactose intolerance \[[@B73-ijms-21-04929]\]. Twenty-seven subjects were recruited in the study and were supplemented with probiotic product for 4 weeks. It was noted that probiotic supplementation improved the symptoms of lactose intolerance and decreased hydrogen production (produced when undigested lactose ferments in colon) as reflected by breath hydrogen concentration. Xue et al. (2017) determined the in vivo effects of probiotic supplementation on the progression of non-alcoholic fatty liver disease (NAFLD) \[[@B74-ijms-21-04929]\]. Eight-week-old male Sprague Dawley rats were treated for 12 weeks with standard diet, high-sucrose high-fat (HSHF) diet supplemented with probiotics (0.5 g/day/rat). Probiotic supplementation consisted of 0.5 × 10^6^ CFU of *Bifidobacterium infantis* and *Lactobacillus acidopilus*, and 0.5 × 10^5^ CFU of *Bacillus cereus*. Blood and tissue samples (liver and intestine) were collected at the end of the treatment period for biochemical and histological examination. The results showed that probiotics improved dysbiosis of intestinal flora, reduced body weight, ameliorated loss of intestinal barrier integrity, reduced circulating inflammatory cytokines and ameliorated hepatic pathology (hepatocyte swelling and inflammatory cells infiltration).

3.3. Polyphenols {#sec3dot3-ijms-21-04929}
----------------

Polyphenols represent a group of bioactive phytochemicals distributed throughout the higher plants and found in a variety of fruits, vegetables, seeds, and beverages and in minor quantities in dry legumes and cereals \[[@B107-ijms-21-04929]\]. They are secondary metabolites and, with over 10,000 structural variants, comprise a wide variety of molecules with a polyphenolic structure. They are divided into flavonoids (flavonols, flavanones, flavanols, flavones, isoflavones, and anthocyanidins) and non-flavonoids (phenolic acids, stilbenes, coumarins, xanthones, lignans, and curcuminoids) \[[@B108-ijms-21-04929],[@B109-ijms-21-04929],[@B110-ijms-21-04929],[@B111-ijms-21-04929]\]. They are the most abundantly consumed antioxidants, as Western populations may take polyphenols in quantities of up to 1 g/day \[[@B112-ijms-21-04929]\]. In recent decades they represent a topic of great scientific attention due to their potential human health benefits \[[@B113-ijms-21-04929]\].

Polyphenols are known to possess antioxidant and anti-inflammatory effects and thus can be considered as alternative protective agents against chronic inflammatory conditions of the GI tract \[[@B114-ijms-21-04929]\]. There are two main reciprocal interactions of polyphenols with the gut microbiome that consist of modulation of gut microbiota by dietary polyphenols, and production of bioactive metabolites of polyphenols by gut microbial species \[[@B76-ijms-21-04929]\]. As it is currently understood, polyphenols suffer from low bioavailability, and gut microbes may help polyphenols in their absorption from the GIT and thus may increase their bioavailability \[[@B115-ijms-21-04929],[@B116-ijms-21-04929]\]. Larrosa et al. (2009) investigated the effects of dietary resveratrol on colon microbiota, inflammation, and tissue damage in dextran sulfate sodium (DSS)-induced experimental colitis in rats \[[@B75-ijms-21-04929]\]. Rats were supplemented with 1 mg/kg/day dose of resveratrol for 25 days, where 5% DSS was used to induce colitis in the last 5 days. It was noted that resveratrol diminished the growth of enterobacteria while increasing *Lactobacilli* and *Bifidobacteria*. It significantly reduced the inflammatory markers, prostaglandin E2, COX-2, prostaglandin E synthase, and nitric oxide levels in colon.

Evidence also supports the anti-*H. pylori* effects of polyphenols such as EGCG, as examined by Lee et al. (2004) using cultured gastric cells contaminated with *H. pylori* bacteria. It was concluded that pretreatment with a low dose EGCG significantly attenuated bacterial induced cytotoxicity, altered the mitogen activated protein kinase (MAPK) signaling pathway and reduced apoptosis. However, it was noted that higher dose EGCG (but lower than 250 µmol/L, which showed significant cytotoxic effects against gastric cancer cells) resulted in increasing apoptosis \[[@B77-ijms-21-04929]\].

The host microbiota plays a crucial role in producing polyphenol components with increased bioactivity, and the importance of the gut microbiome in polyphenol metabolism has been highlighted by the fact that no such metabolites form for catechin, apigenin, myricetin, hesperidin, rutin, and naringinin germ-free or antibiotically treated animals \[[@B117-ijms-21-04929],[@B118-ijms-21-04929]\]. Urolithin produced from ellagic acid by *Gordonibacter urolithin faciens* and *Gordonibacter pamelaeae*, possesses anti-inflammatory and anti-oxidant properties, and can influence intestinal inflammation \[[@B119-ijms-21-04929],[@B120-ijms-21-04929]\]. The production of nutraceuticals and functional foods with the addition of urolithin producing probiotic strains is highly suggested, with the aim of improving the health benefits of ellagitannins \[[@B121-ijms-21-04929]\]. The *Humulus lupulus* L. (hops) is a primary agent in the production of beer, containing phenyl flavonoids most predominantly isoxanthohumol, with weak anti-estrogenic activity and anti-carcinogenic effects as tested using in vitro models of colon cancer \[[@B122-ijms-21-04929]\]. The gut microbiota coverts isoxanthohumol into more strong estrogenic compound 8-prenylnaringenin; however, the difference in the anti-carcinogenic effects of both compounds have been reported not to be significant \[[@B123-ijms-21-04929]\].

3.4. Spices {#sec3dot4-ijms-21-04929}
-----------

Spices are widely used in traditional medicine, in foods as preservatives, as natural colors, in cosmetics as perfumes, and in dental preparations, thus playing a significant role in the economy of the countries of production. Recent research reveals that dietary spices in their minute quantities have a great influence on human health due to their antioxidant, chemopreventive, anti-mutagenic, anti-inflammatory, and immune modulatory effects \[[@B124-ijms-21-04929],[@B125-ijms-21-04929],[@B126-ijms-21-04929]\]. Several spices have been used in traditional and Indian systems of medicine against a number of digestive disorders. They have been shown to stimulate digestive action, most probably by enhancing the activity of digestive enzymes and stimulating bile secretion from liver \[[@B127-ijms-21-04929]\]. However, the evidence from available literature of the beneficial effects of spices in GI health via gut microbial modulation are still very limited; and only few studies have shown the link between spices and the alteration of intestinal flora in GI disorders.

Curcumin oral consumption may exert regulatory actions on gut microbiota including intestinal microbial richness, diversity, and composition, which could be responsible for its pharmacological effects \[[@B128-ijms-21-04929]\]. Nanoparticle formulations have been developed to overcome the poor bioavailability of curcumin, which could increase intestinal butyrate producing bacteria to a greater extent and could improve gut mucosal permeability \[[@B129-ijms-21-04929]\]. Ohno et al. (2020) demonstrated the effects of nanoparticle curcumin on modulation of gut microbiota and induction of regulatory T cells in ameliorating DSS induced colitis \[[@B78-ijms-21-04929]\]. It was noted that curcumin nanoparticles significantly decreased body weight, disease activity index, and histological colitis score, improving mucosal permeability and suppressing NF-κB activation. Treatment with curcumin nanoparticles markedly increased the abundance of butyrate producing bacteria and fecal butyrate concentration. The production of *Clostridium cluster* IV, *Clostridium cluster* XI, and *Clostridium subcluster* XIVa was significantly increased while the production of *Lactobacillus* significantly decreased in the curcumin nanoparticle group, compared to the control group. Moreover, increased expansion of CD4+ Foxp3+ regulatory T cells and CD103+ CD8α− regulatory dendritic cells in the colonic mucosa was observed in the curcumin nanoparticle treated group.

Botschuijver et al. (2018) reported in their in vivo experimental study that supplementation of Menthacarin^®^ (a combination of essential oils from peppermint and caraway) mediated reversal of visceral hypersensitivity and pain in IBS, may be associated with a modulation of the microbiome and mycobiome \[[@B79-ijms-21-04929]\].The key results of the study included attenuation of visceral hypersensitivity and pain, and inhibition of microbial species (*Candida albicans* and *Bacillus subtilis*). Similarly Li et al. (2020) suggested that cinnamon essential oil can be used as a preventive or therapeutic agent in IBS, while exploring its effects on the gut microbiota in a mouse model of DSS induced colitis \[[@B80-ijms-21-04929]\]. Briefly, the results of the study indicated that treatment with cinnamon essential oil effectively alleviated DSS induced colitis, with improved diversity and richness of intestinal microbiota. A decrease in *Bacteroides* and *Helicobacter* spp. and an increase in SCFAs producing bacteria (*Alloprevotella* and *Lachnospiraceae_NK4A136*-group) was observed in mice treated with cinnamon essential oil. Moreover TNF-α and toll-like receptor (TLR4) expression was correlated with intestinal microbial species, and it was concluded that both of these factors were inversely correlated with SCFAs producing bacteria.

4. Bioactive Dietary Components and Metabolic Syndrome {#sec4-ijms-21-04929}
======================================================

Changes in nutritional composition of the diet and in energy expenditure can lead to an unhealthy state characterized by a low intake of dietary fibers and polyunsaturated fatty acids and a high consumption of sugars, total fats, cholesterol, and refined carbohydrates, creating an alarming situation of increasing incidence of MS risk factors. Traditional dietary approaches are known to play a substantial role in improving the overall health of an individual and in the prevention of metabolic dysregulation, but these may lack efficacy in achieving long term goals, possibly due to poor compliance. Thus, science has turned its attention towards nutrients with the ability to modulate gut microbiota or other biochemical pathways, with the ultimate goal of preventing MS. These include dietary fibers, prebiotics, probiotics, polyunsaturated fatty acids, and polyphenols \[[@B130-ijms-21-04929],[@B131-ijms-21-04929],[@B132-ijms-21-04929]\]. [Table 2](#ijms-21-04929-t002){ref-type="table"} summarizes the benefits of functional dietary components in MS.

4.1. High Fiber Diet {#sec4dot1-ijms-21-04929}
--------------------

There is a general observation that the obese and diabetic population of North America lacks an adequate amount of fiber in their daily diet. Studies have also shown that a daily intake of dietary fibers, fruits, and legumes possesses an inverse relationship with metabolic dysregulation and related consequences \[[@B157-ijms-21-04929],[@B158-ijms-21-04929]\]. There is no special recommendation for a daily intake of dietary fibers by individuals at high risk of diabetes and other metabolic diseases. The American Diabetes Association (ADA) recommends the daily intake of dietary fibers as 14 g fibers per 1000 kcal daily or 38 g/day for men and 25 g/day for women \[[@B159-ijms-21-04929]\]. Of particular interest, dietary fibers could play a role in the prevention and/or treatment of metabolic dysregulation through different mechanisms related to their specific physical properties, chemical structure, or fermentability in the gut by intestinal flora. A regular intake of dietary fibers in sufficient amounts can improve insulin sensitivity, metabolic homeostasis, and endothelial dysfunction, prevent against obesity, and regulate inflammatory biomarkers \[[@B160-ijms-21-04929],[@B161-ijms-21-04929]\].

Kjølbæk et al. (2020) investigated arabinoxylan oligosaccharides and polyunsaturated fatty acids for their effects on gut microbiota and metabolic markers \[[@B133-ijms-21-04929]\]. Twenty seven overweight individuals with MS signs participated in a 12 week randomized cross-over trial, divided into two treatment periods of 4 weeks each with a washout period also of 4 weeks. The resulting analysis of arabinoxylan oligosaccharide intervention revealed an increased abundance of species of the phyla Bacteroidetes and Firmicutes, including *Bifidobacteria* species (*Bifidobacteria faecale*, *B. stercoris*, *B. dolescentis*), *Eubacterium rectale*, *Eubacterium hallii*, *Faecalibacterium prautsnitzii*, *Dorea longicatena*, *Blautia luti,* and *Blautia wexlerae* while the relative abundance of *Clostridium methylpentosum*, *Anaerotruncus colihominis,* and *Erysipelothrix rhusiopathiae* decreased. No effects of PUFAs were observed on gut microbiota. Moreover, the gut microbial modulation by arabinoxylan oligosaccharides was positively correlated with blood concentration of insulin, markers of lipid metabolism (triglycerides, low density lipoprotein, very low density lipoprotein, total cholesterol, and apolipoprotein B), hepatic function (Alanine aminotransferase) as well as HOMA scale of insulin resistance (HOMA-IR) and HOMA scale of beta cell function (HOMA-β).

Li et al. (2019) explored the effects of inulin to alleviate T2DM via anti-inflammation and gut microbial modulation in db/db mice \[[@B134-ijms-21-04929]\]. The mice were divided into different groups and were supplemented with a standardized diet containing 5% inulin, or dietary fiber powder containing 91% inulin, and a 9% mixture of glucose, sucrose, and fructose, for 6 weeks. Serum analysis of inulin treated groups showed a significant decrease in body weight, fasting blood glucose, glycated hemoglobin, plasma lipopolysaccharide, and alteration of inflammatory mediators such as decreased IL-6, TNF-α, and IL-17A, increased IL-10. Statistical analysis of gut microbiota using stool culture revealed elevated *Bacteroides* and *Cyanobacteria*, with a reduction of *Ruminiclostridium_6*, *Deferribacteres*, *Mucispirillum*, and *Tenericutes* in inulin treated groups. It was noted upon correlation analysis that *Bacteroides* and *Cyanobacteria* positively correlated with anti-inflammatory IL-10 while *Deferribacteres*, *Tenericutes*, *Mucispirillum*, and *Ruminiclostridium_6* were closely related to inflammatory mediators TNF-α, IL-6, and IL-17A. Furthermore *Ruminiclostridium_6* and *Mucispirillum* were also positively correlated with plasma lipopolysaccharide. The authors concluded that dietary inulin can halt the progression of diabetes via suppression of the inflammatory cascade through gut microbial modulation.

### Prebiotics

As mentioned before, many dietary fibers are classified as prebiotics, and these generally possess indirect health benefits stimulating the growth of *Lactobacillus* and *Bifidobacterium* species in the gut, thus improving metabolism of the host \[[@B135-ijms-21-04929]\]. Oligofructose administration to mice with altered gut microbiota and induced metabolic dysregulation resulted in an increase in glucose tolerance, decrease in insulin resistance, and upregulation of the expression of anti-inflammatory cytokines \[[@B136-ijms-21-04929]\]. Animal studies suggest that supplementation with prebiotics can positively regulate body weight and insulin sensitivity. Through alteration of genetic expression by acting on peroxisome proliferator-activated receptor gamma (PPAR-γ) and GPR43, prebiotics can enhance the metabolic response to leptin, increase lipolysis and decrease adipogenesis \[[@B137-ijms-21-04929],[@B162-ijms-21-04929],[@B163-ijms-21-04929]\]. In a randomized controlled trial on 55 female subjects (30 subjects in intervention group and 25 in control group) with T2DM, Farhangiet al. showed that resistant dextrin (10 g/day for 8 weeks) exerts beneficial effects on immune-mediated inflammation and the hypothalamic--pituitary--adrenal axis in treated women in comparison with control group women. In particular resistant dextrin induces a significant decrease in levels of cortisol, KYN, KYN/TRP ratio, IFNγ, IL12, IFNγ/IL10 ratio, LPS, and a significant increase in the monocyte, GHQ, DASS, CD8, IL10, IL4. Moreover, in the same study the influence of prebiotic supplementation on depression, anxiety, and stress was evaluated. The registered mood and metal health improvement was ascribed to the changes induced in the gut microbiota profile, which was depleted of pathogenic bacteria such as *Clostridia* species and enriched with microorganisms associated with the regulation of gamma-aminobuytic acid (GABA) receptors through the vagus nervous system, and the release of cortisol, such as *Bifidobacterium* and *Faecalibacterium* species, exerting anti-inflammatory activity blocking NF-kβ activation \[[@B164-ijms-21-04929]\].

4.2. Probiotics {#sec4dot2-ijms-21-04929}
---------------

Gut dysbiosis possesses potential effects on metabolic health ranging from insulin resistance and glucose intolerance to MS. Disturbances in intestinal microbiota could lead to β cell dysfunction, shifts in energy metabolism, fat synthesis, development of adipose tissues, and systemic inflammation \[[@B165-ijms-21-04929],[@B166-ijms-21-04929]\]. Gut microorganisms are known to play a role in energy absorption, storage, and consumption following dietary intake. Modulation of gut microbiota could be a potential target to prevent or reverse dysmetabolic states in individuals, including obesity, T2DM, MS, and NAFLD \[[@B167-ijms-21-04929],[@B168-ijms-21-04929],[@B169-ijms-21-04929]\]. Sroka-Oleksiak et al. (2020) performed a metagenomic analysis of intestinal microbiota in obese and T2DM patients. Obese patients qualifying for bariatric surgery were included in the study \[[@B138-ijms-21-04929]\]. The results of analysis showed no significant change in the phyla Firmicutes, Proteobacteria, and Actinobacteria among diseased individuals when compared to healthy ones. However, considerable changes were observed on the microbiological core of the genus *Bifidobacterium*, as significantly lowered levels of *Bifidobacterium* species were observed in patients with obesity and obesity with T2DM. The authors suggested considering the genus *Bifidobacterium* as a potential biomarker in the progression of obesity and T2DM. Liu et al. (2020) observed the protective effects of probiotics against MS through modulation of hepatic peroxisome proliferator activated receptor alpha--fibroblast growth factor 21 (PPARα--FGF21) signaling in a mouse model of high-fat high-fructose (HFHF) diet \[[@B139-ijms-21-04929]\]. The addition of a *Lactobacillus rhamnosus* GG culture supernatant to the HFHF diet resulted in an improvement in body weight, insulin resistance, glucose intolerance, and hepatic steatosis. Upregulation of PPARα--FGF21 signaling and increases in fecal butyrate concentration were suggested to be responsible mechanisms for improvement of MS parameters.

Wang et al. (2020) studied the potential of composite probiotics to alleviate T2DM by modulating intestinal microbiota and enhancing the expression of glucagon like peptide-1 (GLP-1) in db/db mice \[[@B140-ijms-21-04929]\]. The research team isolated 14 probiotic species from fermented camel milk including 10 *Lactobacillus* strains (*Lactobacillus helveticus*, *Lactobacillus plantarum*, *Lactococcus lactis*, *Lactobacillus paracasei*, *Lactobacillus pentosus*, *Lactobacillus paracasei* subsp. *tolerans*, *Lactobacillus hilgardii*, *Lactobacillus rhamnosus*, *Lactobacillus harbinensis*, and *Lactobacillus mucosae*) and four yeast species (*Candida ethanolica*, *Issatchenkia orientalis*, *Pichia membranifaciens,* and *Kluyveromyces marxianus*). The high dose of probiotics contained 1 × 10^10^ CFU/mL of *Lactobacillus* strains and 1 × 10^8^ CFU/mL of yeast strains, while the low dose probiotics contained 1 × 10^8^ CFU/mL of *Lactobacillus* strains and 1 × 10^6^ CFU/mL of yeast strains. Treatment with probiotics at both high and low doses resulted in increases in SCFA concentration, improvement of intestinal barrier function, protection of pancreas against apoptosis, and positive regulation of metabolic parameters, including upregulation of G protein-coupled receptor 43/41 (GPR43/41), proconvertase 1/3, and proglucagon activity, resulting in enhanced glucose-triggered GLP-1 and insulin secretion. The protection of the pancreas against apoptosis by treatment with probiotics might be related to the upstream regulation of the PI3K/AKT pathway.

Michael et al. (2020) conducted randomized, double blind, placebo controlled studies to observe the anti-obesity effects of probiotic supplementation (*Lactobacilli* and *Bifidobacteria*) in overweight and obese adults \[[@B141-ijms-21-04929]\]. A total of 220 subjects were recruited for the study, where the inclusion criteria for subject selection was defined as age between 30 and 65 years, waist circumference \>100 (men) or \>89 (women), body mass index (BMI) between 25 and 34.9 kg/m^2^, and subjects having received no statin therapy in the last 3 months. The probiotic formula per capsule was comprised of *Lactobacillus acidophilus* CUL21, *Lactobacillus acidophilus* CUL60, *Lactobacillus plantarum* CUL66, *Bifidobacterium animalis* subsp. *Lactis* CUL34, and *Bifidobacterium bifidum* CUL20. Patients were asked to take one capsule daily for 180 days at any time of the day, with or without food, and not to take them within 2 h of any antibiotic, if any were taken. Significant reduction in body weight, BMI, waist circumference, and waist to hip ratio, and a greater decrease in LDL cholesterol was observed. Additionally, changes to physical and biochemical parameters recorded at 3 months were not considerable, suggesting that a 6 month dosing of the abovementioned probiotic formula is essential to achieve clinical benefits.

4.3. Fatty Acids {#sec4dot3-ijms-21-04929}
----------------

A high-fat diet and circulating free fatty acids (FFAs) are known risk factors for causing insulin resistance, visceral obesity, and MS. In the past decade, several studies have explored the role of specific dietary fats in gut dysbiosis with relation to MS risk factors \[[@B170-ijms-21-04929]\]. Saturated fatty acids promote insulin resistance via numerous mechanisms including stimulation of Toll-like receptor (TLR) and Jun N-terminal kinase (JNK) activity \[[@B171-ijms-21-04929],[@B172-ijms-21-04929]\]. However, the direct effects of saturated fatty acids are less pronounced than the influence of the gut microbiome on the host metabolism. Germ-free animals are protected against insulin resistance and obesity induced by a high-fat diet, as demonstrated by Bäckhed et al. (2004) and Ding et al. (2010) \[[@B173-ijms-21-04929],[@B174-ijms-21-04929]\]. As evident from in vivo studies, saturated fatty acids have been shown to cause metabolic endotoxemia by causing overgrowth of *Bilophila wadsworthia* (bile-tolerant Gram-negative bacteria), *Enterobacteriaceae*, and *Escherichia coli*, with a substantial decrease in *Bifidobacteria* \[[@B175-ijms-21-04929],[@B176-ijms-21-04929],[@B177-ijms-21-04929]\].

SCFAs (acetate, propionate, and butyrate) are saturated fatty acids with less than six carbon atoms, and possess positive effects on gut dysbiosis and the host metabolism \[[@B142-ijms-21-04929]\]. SCFAs tend to reduce inflammation though activation of G-protein-coupled receptor 43 (GPR 43), which may lead to increased insulin sensitivity in liver and muscles, and increased energy expenditure \[[@B143-ijms-21-04929]\]. SCFAs mainly originate from indigestible carbohydrates or prebiotics by microbial fermentation, and it is well documented that supplementation with prebiotics enhances butyrate production in Wistar rats and increases Bacteroidetes. On other hand, a high-fat diet reduces butyrate formation with increased liver fat and inflammation \[[@B178-ijms-21-04929]\]. Prebiotics have additional benefits on MS risk factors by increasing the abundance of mucin-foraging bacteria (*Akkermansia muciniphila*) that were depleted in obese and diabetic mice \[[@B144-ijms-21-04929]\]. Butyrate has anti-obesity effects through upstream regulation of the expression of angiopoietin-like protein-4 (ANGPTL4) in human epithelial cells, resulting in the reduced expression of lipoprotein lipase (LPL) and increased lipolysis \[[@B145-ijms-21-04929]\].

Mujico et al. (2013) determined the effects of fatty acids on gut microbiota modulation in diet induced obese mice and it was noted that monounsaturated fatty acid (oleic acid) prevented high-fat diet induced dysbiosis and improved the abundance of *Bifidobacteria* \[[@B146-ijms-21-04929]\]. In another study, supplementation of diet enriched in oleic acid in young adults resulted in improved insulin sensitivity \[[@B147-ijms-21-04929]\]. Omega-6 fatty acids increased the abundance of bacterial groups associated with inflammation including *Enterobacteriaceae*, *Proteobacteria*, and segmented filamentous bacteria, along with weight gain and fatty infiltration of liver when supplemented to C57BL/6 mice \[[@B179-ijms-21-04929],[@B180-ijms-21-04929],[@B181-ijms-21-04929]\]. After experimental evaluation of the effects of dietary fats on gut microbiota architecture and host inflammatory mediators in mice adipose tissues, Huang et al. reported that dietary omega-6 fatty acids can cause an increase in *Proteobacteria* with greater macrophage infiltration of adipose tissues and increase adipose expression. Furthermore the effects of omega-6 fatty acids observed by Huang et al. were more pronounced than those of saturated fatty acids \[[@B182-ijms-21-04929]\].

In contrast, omega-3 fatty acids modulate gut microbiota, which in addition to other mechanisms may be responsible for their greater potential to prevent against metabolic dysregulations \[[@B183-ijms-21-04929]\]. Ghosh et al. (2013) documented that gut dysbiosis caused by omega-6 fatty acids in aged mice was prevented by supplementation of omega-3 fatty acids (eicosapentaenoic acid and docosahexaenoic acid). Omega-3 fatty acids reduced bacterial overgrowth and recruited regulatory T cells to the small intestine, thereby reducing diet-induced inflammation \[[@B148-ijms-21-04929]\]. A recent study has shown a decreased abundance of intestinal microbes associated with ulceration (*Helicobacter*), infection (*Pseudomonas*), and weight gain (Firmicutes) with fish oil supplementation in mice \[[@B149-ijms-21-04929]\]. In addition to its positive effects on metabolic endotoxemia, omega-3 supplementation also increases insulin sensitivity by upregulating cell surface expression of GLUT4 and boosts insulin secretion from pancreatic β cells by activating G-protein-coupled receptor 40 (GPR 40) \[[@B150-ijms-21-04929],[@B151-ijms-21-04929]\].

4.4. Polyphenols {#sec4dot4-ijms-21-04929}
----------------

Several polyphenol enriched foods and beverages, including green tea, berries, red wine, nuts, grape seeds, and dark chocolate, have been found to have significant effects on different aspects of metabolic dysfunction \[[@B184-ijms-21-04929]\]. Flavanones, flavonols, isoflavone, anthocyanins, proanthocyanidins, and resveratrol are the most studied classes of polyphenols that possess beneficial health effects on MS risk factors, most probably through improvement of insulin signaling, downregulation of oxidative stress, gut bacteria modulation, improvement of endothelial dysfunction, or by directly affecting serum glucose and cholesterol levels by decreasing their absorption or increasing metabolism \[[@B152-ijms-21-04929],[@B153-ijms-21-04929]\]. However, the evidence of these effects mediated by polyphenols is relatively weak in clinical trials because of considerable variability found between individuals. Gut microbial species metabolize polyphenols into simpler ones and aid in increasing their bioavailability, and as the gut microbiota varies between individuals it should be considered as a moderating factor in clinical trials \[[@B185-ijms-21-04929]\].

Chen et al. (2016) demonstrated the atherosclerosis attenuating effects of resveratrol by regulating trimethylamine-*N*-oxide (TMAO) synthesis and bile acid metabolism via remodeling of gut microbiota in mice \[[@B154-ijms-21-04929]\]. It was observed that the resveratrol treatment increased bile acid hydrolase activity by increasing the levels of *Lactobacillus* and *Bifidobacterium*, thereby enhancing bile acid deconjugation and fecal excretion in C57BL/6 mice. The authors reported that this was associated with a decrease in ileal content of bile acid, repression of the enterohepatic farnesoid X receptor (FXR)-fibroblast growth factor 15 (FGF15) axis and upregulation of cholesterol 7a-hydroxylase (CYP7A1) expression. Moreover, the results showed decreased levels of TMAO, correlated with inhibiting commensal microbial trimethylamine (TMA) production via gut microbiota remodeling. Additionally, FXR agonists and antibiotics abolished resveratrol induced alterations in FGF15 and TMAO inhibition, respectively.

Zhao et al. (2017) confirmed that a combination of quercetin and resveratrol could restore gut dysbiosis induced by a high-fat diet in mice, and thereby prevent against the pathogenesis of obesity despite low bioavailabilities \[[@B155-ijms-21-04929]\]. The mice were supplemented with a combination of quercetin (30 mg/kg/day) and resveratrol (15 mg/kg/day) by oral gavage. At the end of 10 weeks, results showed that the combination of both flavonoids significantly reduced body weight and visceral adipose tissue (epididymal, perirenal) weight. Serum analysis showed a decrease in serum lipids, reversed serum levels of adiponectin, leptin, and insulin, and attenuation of serum inflammatory markers including IL-6, TNF-α, and monocyte chemotactic protein (MCP)-1. More interestingly the combination was found to modulate gut microbiota, depicted by decreasing *Firmicutes* and the proportion of *Firmicutes* to *Bacteroidetes*. In addition, it also inhibited the relative abundance of *Desulfovibrionaceae*, *Acidaminococcaceae*, *Coriobacteriaceae*, *Bilophila*, *Lachnospiraceae* and its genus *Lachnoclostridium*. Furthermore, the relative abundance of *Bacteroidales*, *Christensenellaceae*, *Akkermansia*, *Ruminococcaceae* and its genus *Ruminococcaceae-UCG-014* and *Ruminococcaceae-UCG-005* was markedly increased, all of which were reported to have positive effects on high-fat diet induced obesity.

Zhang et al. (2020) investigated the effects of xanthohumol derivatives (α,β-dihydroxanthohumol and tetrahydroxanthohumol) on obesity and MS in C57BL/6J male mice treated with 30 mg/kg/day body weight for 13 weeks \[[@B186-ijms-21-04929]\]. Decreases in liver weight, fasting plasma glucose, and insulin level were noted in mice treated with tetrahydroxanthohumol while decreases in plasma leptin level and adipose tissue inflammation was associated with both xanthohumol derivatives. Xanthohumol derivatives were found to decrease intestinal microbiota diversity and abundance, especially *Bacteroidetes* and *Tenericutes*, providing mechanistic insights behind the improvement of obesity and MS. They also altered fecal bile acid metabolism, possibly through modulation of fecal microbiota and microbiome--host interactions. Higher levels of taurine-conjugated bile acids were observed in mice treated with xanthohumol derivatives, which suggested a decrease in deconjugation by the microbiota.

Anhê et al. (2015) investigated the metabolic impact of a polyphenol-rich cranberry extract (*Vaccinium macrocarpon Aiton*) on C57BL/6J mice and determined the effects of cranberry extract on the gut microbiota \[[@B187-ijms-21-04929]\]. The high-fat/high-sucrose (HFHS)-fed mice were treated with vehicle (water) or cranberry extract (200 mg/kg) for 8 weeks through oral gavage. A decrease in body weight gain, visceral obesity, liver weight, triglyceride accumulation in liver, and hepatic oxidative/inflammatory stresses were observed with cranberry extract. On the other hand, cranberry extract improved insulin sensitivity and resistance, glucose-induced hyperinsulinemia, intestinal triglyceride content and intestinal inflammation, and oxidative stress. In addition, cranberry extract administration significantly increased the proportion of the mucin-degrading *Akkermansia* species in the gut microbiota of mice.

Liu et al. (2017) have reported that grape seed proanthocyanidin extract (GSPE) ameliorated inflammation and adiposity in high-fat diet mice through gut microbial modulation \[[@B156-ijms-21-04929]\]. The mice received GSPE (300 mg/kg body weight/day) for 7 weeks by oral gavage. The results of the study indicate that GSPE significantly improved insulin sensitivity and reduced plasma levels of inflammatory mediators including TNF-α, IL-6, and MCP-1, in addition to ameliorating macrophage infiltration in hepatic and epidydimal fat tissues. 16S rDNA analyses showed a modulation of gut microbial composition and certain bacteria such as *Clostridium XIVa*, *Roseburia*, and *Prevotella* with GSPE supplementation. Interestingly depleting gut microbiota with antibiotic treatment abolished the effects of GSPE supplementation on inflammation and obesity.

5. Conclusions {#sec5-ijms-21-04929}
==============

This review attempted to highlight the close link between gut dysbiosis, GI disorders, and MS, as well as the role of bioactive dietary components in influencing numerous pathways associated with the treatment of both disorders. Gut dysbiosis is one of the considerable factors associated with the pathogenesis of GI disorders and MS, by alteration of host's immune responses and energy homeostasis, which may result in the upstream regulation of inflammatory cascades, insulin resistance, and impairment of the body's metabolism \[[@B49-ijms-21-04929]\]. Besides gut dysbiosis, researchers also explained the direct link between GI and metabolic disorders. Low-grade chronic inflammatory states in obesity usually facilitate the development and progression of other disorders including IBD \[[@B188-ijms-21-04929]\]. This leads to the statement that prevention of metabolic disorders may also prevent or decrease the frequency of GI disorders like IBD. Despite the availability of a number of therapeutic options, none can provide an ultimate cure with a favorable safety profile. The undesirable effects of drugs have led scientists to consider the use of alternative treatments, including food supplements and functional foods. A review of available scientific literature reveals the health benefits of functional dietary components and their capacity for disease prevention. These have received considerable interest due to their potential nutritional, safety, and protective beneficial effects. In addition to the alteration of other mechanistic pathways, certain dietary components modify gut microbiota, which could provide an alternative approach to reduce a wide range of chronic disorders. In light of the literature available from pre-clinical and clinical studies, the regular consumption of bioactive dietary components in adequate amounts can be said to promote the growth of beneficial bacteria, decrease the inflammatory cascade, regulate intestinal immunity, improve lactose intolerance, enhance the digestive capability of the GI tract, upregulate digestive enzymes, and can improve insulin sensitivity and metabolic pathways. However, the limited available scientific evidence coming from human studies suggests that more in depth clinical trials on these agents in human populations are essential to make these treatments more competitive in the global market of functional foods.
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![The impact of a dysregulated metabolism on the human body. The central element of metabolic syndrome (MS) is insulin resistance, which leads to metabolic dysregulation and eventually results in hyperglycemia and hyperlipidemia. Hyperglycemia stimulates β-cells of the pancreas and thus produces more insulin, which causes hyperinsulinemia. Hyperinsulinemia increases sympathetic tone, RAAS expression, and sodium reabsorption through nephrons while decreasing NO activity. Dysregulated fat metabolism results in increased production of FFAs and thus lipid deposition increases, resulting in visceral obesity. Visceral obesity causes dysregulation of adipocytokines and pro-inflammatory processes and leads to inflammatory stress. Increased production of FFAs also causes oxidative stress and prothrombotic states via other mechanisms. Oxidative and inflammatory stresses may lead to endothelial dysfunction, which may further contribute to a prothrombotic state. Oxidative stress, visceral obesity, dysregulated adipocytokines, and pro-inflammatory cytokines further contribute to insulin resistance. Increase (↑); decrease (↓); sodium (Na); nitric oxide (NO); renin-angiotensin-aldosterone system (RAAS); free fatty acids (FFAs).](ijms-21-04929-g001){#ijms-21-04929-f001}

![Schematic representation of intrinsic and extrinsic factors responsible for gut dysbiosis, and their role in health and disease.](ijms-21-04929-g002){#ijms-21-04929-f002}
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###### 

Benefits of functional dietary components in gastrointestinal disorder in correlation with improvement of gut dysbiosis.

  Dietary Components   Potential Benefits in GI Health                                                                                                                                                                                                                     References
  -------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------
  Dietary fibers       Increase growth and/or activity of beneficial microbesEnhance SCFAs production by intestinal floraDecrease inflammatory cascadePositive impact on constipation and diarrheaDecrease gastrointestinal pain and symptoms of IBS                       \[[@B62-ijms-21-04929],[@B63-ijms-21-04929],[@B64-ijms-21-04929],[@B65-ijms-21-04929],[@B66-ijms-21-04929]\]
  Prebiotics           Enhance the growth and/or activities of favorable indigenous probiotic bacteriaRegulate intestinal immune systemEnhance production of SCFAsImprove lactose intolerancePrevent or treat constipation, IBS, and Crohn's disease                       \[[@B67-ijms-21-04929],[@B68-ijms-21-04929],[@B69-ijms-21-04929]\]
  Probiotics           Regulate immunity of GI mucosaDecrease gut barrier disruptionInhibit pathogenic microbial growth and activityImprove functional GI symptomsPrevent hepatic pathologiesNegatively correlate with *H. pylori* infectionsImprove lactose intolerance   \[[@B70-ijms-21-04929],[@B71-ijms-21-04929],[@B72-ijms-21-04929],[@B73-ijms-21-04929],[@B74-ijms-21-04929]\]
  Polyphenols          Negatively correlate with chronic inflammation of GITBidirectional association with gut microbiotaModulates gut microbiotaBeneficial effects against *H. pylori* infectionsAnti-carcinogenic (colon cancer)                                         \[[@B75-ijms-21-04929],[@B76-ijms-21-04929],[@B77-ijms-21-04929]\]
  Spices               Modulate the immune systemNegatively regulate inflammatory cascadeReversal of visceral hypersensitivity in IBSDecrease pathogenic bacteria like *H. pylori*Enrichment of SCFAs producing bacteria                                                   \[[@B78-ijms-21-04929],[@B79-ijms-21-04929],[@B80-ijms-21-04929]\]

Irritable bowel syndrome (IBS); gastrointestinal mucosa (GI mucosa); *Helicobacter pylori* (*H. pylori*); short chain fatty acids (SCFAs); gastrointestinal tract (GIT).

ijms-21-04929-t002_Table 2

###### 

Benefits of functional dietary components in metabolic syndrome in correlation with improvements in gut dysbiosis.

  Dietary Components                                  Potential Benefits in MS                                                                                                                                                                                                                                                                                                                                                              References
  --------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------
  Dietary fibers                                      Improve insulin sensitivityDecrease glucose concentrationDecrease TC, LDL, and TGBody weight reductionIncrease fatty acid oxidationIncrease level of SCFAsRegulate inflammatory biomarkersImprove endothelial dysfunction                                                                                                                                                             \[[@B133-ijms-21-04929],[@B134-ijms-21-04929]\]
  Prebiotics                                          Enhance the growth and/or activity of probiotic speciesImprove insulin sensitivityIncrease glucose toleranceDecrease insulin resistanceUpregulate expression of anti-inflammatory cytokinesIncrease lipolysis and decrease adipogenesisDecrease inflammatory mediators                                                                                                                \[[@B135-ijms-21-04929],[@B136-ijms-21-04929],[@B137-ijms-21-04929]\]
  Probiotics                                          Modulation of gut microbiotaIncrease level of SCFAsUpregulate PPARα--FGF21 signalingBody weight reductionImprove insulin resistance and glucose intoleranceImprove intestinal barrier functionProtect pancreas against apoptosisIncrease insulin secretion through enhanced expression of GLP-1Decrease LDL concentration                                                             \[[@B138-ijms-21-04929],[@B139-ijms-21-04929],[@B140-ijms-21-04929],[@B141-ijms-21-04929]\]
  Short chain fatty acids                             Improve gut dysbiosisPositively regulate host metabolismUpregulate expression of GPR 43Decrease systemic inflammatory responsesIncrease abundance of mucin-foraging bacteria (*Akkermansia muciniphila*)Increase lipolysis through increasing ANGPTL4 expression in human epithelial cells                                                                                            \[[@B142-ijms-21-04929],[@B143-ijms-21-04929],[@B144-ijms-21-04929],[@B145-ijms-21-04929]\]
  Monounsaturated fatty acids (oleic acid)            Improve gut dysbiosis by increasing abundance of bifidobacteriaImprove insulin sensitivity                                                                                                                                                                                                                                                                                            \[[@B146-ijms-21-04929],[@B147-ijms-21-04929]\]
  Polyunsaturated fatty acids (omega-3 fatty acids)   Improve gut dysbiosis by reducing bacterial overgrowth (*H. pylori*, *Pseudomonas,* and Firmicutes)Recruit regulatory T cells and regulate inflammatory responsesImprove metabolic endotoxemiaIncrease insulin sensitivity by upregulation of cell surface expression of GLUT4Increase insulin secretion by activating GPR 40                                                         \[[@B148-ijms-21-04929],[@B149-ijms-21-04929],[@B150-ijms-21-04929],[@B151-ijms-21-04929]\]
  Polyphenols                                         Improve insulin signalingDecrease blood glucose and cholesterol levelsReduce body weight and visceral adipose tissues weightGut microbial modulationDecrease serum level of lipidsImprove endothelial dysfunctionDecrease oxidative damage and inflammatory mediatorsDecrease ileal content of bile acidRepression of the enterohepatic FXR--FGF15 axisUpregulate CYP7A1 expression   \[[@B152-ijms-21-04929],[@B153-ijms-21-04929],[@B154-ijms-21-04929],[@B155-ijms-21-04929],[@B156-ijms-21-04929]\]

Total cholesterol (TC); low density lipoprotein (LDL); triglycerides (TG); short chain fatty acids (SCFAs); peroxisome proliferator activated receptor alpha (PPARα); fibroblast growth factor 21 (FGF21); glucagon like peptide-1 (GLP-1); G-protein-coupled receptor 43 (GPR 43); angiopoietin-like protein-4 (ANGPTL4); glucose transporter type 4 (GLUT4); G-protein coupled receptor 40 (GPR 40); farnesoid X receptor (FXR); fibroblast growth factor 15 (FGF15); cholesterol 7a-hydroxylase (CYP7A1).

[^1]: These authors contributed equally to this work.
